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By Edward M. Grala

SUMMARY

An investigation was made to determine the effects of composition
and homogenization heat treatments on the hardness and tensile properties
of cast alloys of the NiAl intermetallic phase. This phase exists over &
wide range of composition (approximately 24 to 37 weight percent aluminum
at 500° C) with stoichiometric NiAl at 31.5 percent alumimm.

Reletively small changes in composition within the NiAl phase re-
gulted in spprecisble hardness and strength chenges. Roam-temperature
hardness of alloys containing 25 to 35 percent aluminum exhibited a sharp
minimm at the stoichiometric composition. The average room-temperature
tensile strength of as-cast alloys decreased with inereasing aluminum
content from 22,300 psi for the 25-percent-aluminum alloy to 14,250 psi
for the 31.5-percent-aluminum alloy (stoichiometric NiAl). Homogeniza-
tion of the cast alloys produced no large changes in the room-temperature
tensile strength. The average room-temperature strength of the homoge-
nized alloys varied from 29,450 psi for the 25-percent-aluminum alloy to
14,900 psi for the 31.5-percent-aluminum ‘alloy. XNone of the as-cast or
homogenized alloys showed any measursble temsile ductility &t room
temperature.

The average 1500° F tensile strength of homogenized alloys also de-
creased with increasing aluminum content, ranging fram 29,050 psi for
the 25-percent-aluminum alloy to 14,500 psi for the 3l.5-percent-aluminum
alloy. Alloys containing up to 31.5 percent aluminum exhibited consider-
able ductility in the 1500° F tensile tests.

Additions of 0.5 to 2.0 percent molybdenum to stoichiometric NiAl
reduced the as-cest grain size and significantly increased both room-
and elevated-temperature strength and ductility. The tensile strength
at 1500° F was increased from 14,500 to 25,500 psi by the addition of
0.5 percent molybdenum.
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INTRODUCTION

The high-melting intermetallics have frequently been considered for
high-temperature applications (refs. 1 amnd 2). In order %o provide a
better understanding of the characteristics of this class of materials,
an investigation of the nickel-aluminum intermetallics (NiAl and NizAl

and their mixtures) was undertaken. The nickel-alumimim system was of
special interest, for good modulus of rupture strength up to 1800° F and
excellent oxidation resistance at temperatures up to 2000° ¥ for am NiAl
composition prepared by powder metallurgy have been reported (ref. 3).

The present report is a comtinuation of previous work on the nickel-
aluminum intermetallics NiAl and Ni3Al reported in references 4 and 5.
Reference 4 describes a process for casting nickel-aluminum alloys up to
30 percent aluminum, and presents data on the properties of the as-cast
materials. Reference 5 reports the effects of homogenization heat treat-
ments on the room- and elevated-temperature strength of two compositions
in the NizAl range. S : '

This report discusses the properties of the NiAl phase. This phase
is of particular interest, since it contains the highest melting slloy
(stoichiometric NiAl: 31.5 percent aluminum, melting point of 2984° F)
and because it exists over a broad range of compositions (fig. 1). Be-
cause of this latter feature, it was possible to study the variation of
properties of the intermetallic phase ag its camposition was varied from
25 to 33 percent aluminum (both sides of stoichiometric NiAl). Tensile
properties at room temperature were determined for as-cast alloys and at
room temperature and 1500° F for homogenized alloys.

MATERTATS, APPARATUS, AND PROCEDURE
Specimen Preparation
Materisls. - Electrolytic nickel (99.95 percent Ni by weight) chips

and I-inch cubes of high-purity aluminum (99.85 percent Al by weight)
were used in the preparstion of the experimental compositions.

Alloy compositions. - The desired compositions together with typical
analyses are shown in table I. ' | ’ B

During the course of the investigatlion small quantities of commer-
cially pure molybdenum sheet were added to the 31.5-percent-aluminum
alloy to refine the as-cast grain structure. A series of castings was
made conbaining molybdenum in quantities of 0.5, 1.0, and 2.0 percent.

8c6¢g
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Casting. - A description of the casting techniques employed is re-
ported in reference 5. The pouring temperature of stolichiometric NiAl
was determined using a calibrated iridium - 40-percent-iridium-60-
percent-rhodium immersion thermocouple in s zirconia protection tube.
Thermocouple voltage was recorded with a recording potentiometer having
a l/2-second full-sgcale response. The temperature of the melt 2 minutes
after the start of the exothermic reaction between nickel and aluminum
(immediately prior to the beginning of pouring) is reported as the pour-

ing temperature.

Hegt treating. - A conventional Globar furnace was used for homoge-
nization heat treatments and for heating prior to mechanicsl working.
Heat treatments sbove 2200° F were done in an argon atmosphere; heat
treatments at lower temperstures were done in ailr. All specimens were
furnace cooled following heat treaiment.

Machining. - Cylindrical surfaces were ground using silicon carbide
wheels. However, the use of silicon cerbide wheels in grinding flat sur-
faces for hardness determinations resulted in badly checked surfaces and
severe edge cracking. Flat surfaces free of cracks and grinding checks
were produced by use of the following:

(1) Abresive: alumimm oxide, 80-mesh, vitreous-bonded, medium
grinding wheel .

(2) Coolant: water with soluble oil

(3) Bpeed: slow table speed and a grinding wheel speed of 6000
surface feet per minute

Inspection. - All test specimens were inspected by radiogrephy and
with a post emilsified fluorescent penetrant technique. BSpecimens with
defects in the test area were discarded.

Specimen Evaluation

Short-time tensile evaluation. - Conical-end tensile speclimens hav-
ing a 1/4-inch-diemeter gage section and a 1%='-inch gage length (fig. 2)

were used.. Room~tempersture stresg-strain curves were obtained using a
conventional tensile machine and a recording extensometer. Foxr high-
temperature evaluations, the specimens and holders were enclosed in a
plat inum-wound tube furnace and the elongation was measured after

fracture.
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Notch tensile tests at 1500° F were also run on specimens of the -
homogenized 31.5-percent-aluminum alloy. The notched specimen is shown
in figure 3. Originally it was intended that the bar contain a single
sharp notch; however, a motch of 3/8-inch radius was insdvertently
ground into the center of the gage length. It was believed that this
notch was too gentle to yield the desired information. Consequently,
in order to utilize these bars, a second notch having an included sngle
of 60° and a bottom radius of 0.010 inch was also ground into the same
test bars. The cross-sectional ares at the base of each notch was 50
percent of that of the smooth test section. The sharp notch was posi-
tioned halfway between the center and the end of the gage length.

All tensile tests were run in air at a loading rate of 4000 psi per
mi'ﬂ'llte. ' - ’

Stress-rupture evaluation. - The tensile specimens were also used
for stress-rupture evalustion. These were run at 1500° F in air, using
the procedure described in reference 6. ; Prior to machining specimens,
the 31.5-percent-aluminum alloy was homogenized at 2200° F for 48 hours,
whereas the alloy of 31.5 percent sluminum plus 0.5 percent molybdenum
was homogenized at 23000 F for 24 hours.

X-ray examination. - A Geiger-counter X-ray diffractometer with an
angular scanning range of 150° was used to obtain diffraction patterns
from solid specimens of several of the alloys. Nickel-flltered copper
radiation was uged. Patterns were taken for both as-cast and homogenized
specimens of the 30- and 3l.5-~percent-aluminum alloys in order to deter-
mine vwhether homogenization resulted in any change in lattice parameter.

Dengity evalustion. - Densities were determined by weighing the
specimens in alr snd in water.

RESULTS AND DISCUSSION
Effects 'of Casting Method

In earlier work on nickel-aluminum a2lloys {(ref. 4), sound castings
containing 31.5 and 34 percent aluminum could not be made. The changes
in the casting technique reported in referefice 5 permitted successful
castings of 31.5- and 33-percent-sluminum compositions. A longer hold-
ing time and a larger hot top were used and are believed to be primarily
responsible for this improvement. The longer holding time (2 min. in-
stead of 1) permitted the exothermic resction between molten aluminum
and nickel to become camplete and the turbulence to subside before

pouring. Holding times of 3 end 5 minutes did not further improve cast- |

ability and increased contamination of the molten metal by reactlion with

8C6¢e
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the crucible. Although changes in the casting technique permitted the
casting of NiAl compositions up to 33 percent aluminum, sound iIngots of
the 35-percent-aluminum alloy suitable for fabricating tensile bars .could
not be cast. All attempts to cast this alloy resulted in ingots contain-
ing conchoidal fractures. Although tensile bars could not be made, hard-
nesgs specimens were ground from the fractured ingots.

Two determinations of the pouring temperasture of stoichiometric
NiAl were made. The results are listed in the following table:

Temperature Tempersture Highest Pouring
of melt Just of melt 15 temperature | temperature
before reaction, | seconds after reached, (2 min after
oF gtart of start of

reaction, reaction),
2410 3180 3180 3070
2125 3185 3230 3040

The rapld increase in temperature of the melt asccompanying the reaction
between molten aluminum and nickel indicates the violent exothermic
nature of the reaction. However, the use of a method in which solid
nickel reacts with molten alumimum should tend to keep the maximm tem-
perature considerebly lower than a method sometimes employed in which
aluminum is added to molten nickel.

The pouring temperatures were 86° and 56° F above the melting point
of stoichiometric NiAl (2984° F). This comparatively small emount of .
superheating is helpful in obtaining a fine grain size. Metallographic
examingtion of as-cast bimary alloys containing from 25 to 35 percent
aelumimum showed only a single phase.

Comparison of the densitles of as-cast alloys made for this study
with those reported in reference 4 indicates that the changes in casting
technique resulted in small increases in density (teble II). However,
the improved casting technique did not result in any significant changes
in the room-temperature tensile strength or hardness of the as-cast
alloys (teble IT).

Both room-temperature hardness and tensile stremngth of NiAl alloys
decrease with increasing sluminum content up to the stoichiametric value
(figs. 4 and 5). With sluminum additions in excess of the stoichiometric
composition, the hardness shows & rapid increase. This variation of
bhardness with aluminum content has been reported by another author (:r:ef.
7). The repid increase in hardness accompanying the addition of aluminum
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in excess of the stoichicmetric composition is attributed to the forma-
tion of a defect structure in these alloys, as described in reference 8.
Stoichiametric NiAl exhibits an ordered, body-centered cubic lattice with
nickel atoms at the -cube corners snd gluminum at the hody center. Alu-
minum additions in excesg of the stoichiometric composition do not re-
place nickel atom for atom, but leave some of the former nickel sites
vacant. The presence of these vacant lattice sites causes lattice dis-
tortion with a resultant increase in hardness. Unfortunately, it was
not possible to determine the room-temperature tensile properties of
alloys containing more than 31.5 percent aluminum, for all test specimens
broke in the conical ends. However, the extreme brittleness which xe-~
gulted in thege failures may be characteristic of NiAl alloys containing
this defect structure.

Mechenical Properties of the Homogenized NiAl Phase

Effect of homogernizetion. - In order to eliminste the effects of
coring commonly found in cast alloys, all NiAl alloys were given hamoge-
nization heat treatments designed to produce a wmiform structure of min-
imm grain size. These were baged on & preliminary study in which grain-
coargening temperstures were determined. Results of this study are re-
ported in table IIX. Tensile 'end hardnesg specimens were then heat-
treated 100° F below the lowest tempersture for which grain growth was
observed. The homogenization heat treabments are listed in table II.
Microstructures of the homogenized slloys (fig. 6) showed equiaxed grains
in both longitudinal snd transverse cross sections of the specimens.
X-ray diffraction examination of as-cast and homogenized specimens of the
30- snd 31.5-percent-sluminum elloys revealed no measurable change in
lattice parameter resulting from homogenization (table II).

. Homogenization had 1ittle effect on the hardness of NiAl alloys
(fig. 4). Effects on the room-tempersture tensile strength vary with
the composition of the alloy (table II and fig. 5). The average strength
of the 25-percent-aluminum alloy was increased fraom 22,300 to 29,450 psi
by homogenization, while that of the 28-pefrcent-aluminum alloy was de-
creaged from 21,650 to 17,850 psi. The room-temperature tensile strength
of the homogenized 30-percent-aluminum alloy showed a wide variation in
two tests, 42,200 and 16,700 psl as compared to an average of 14,400 psi
for the as-cast specimens. Chemical snalyses and X-ray and metallo-
grephic exsminations revealed no significent differences between the two
homogenized 30-percent-gluminum specimens.

None of the as-cast or hoamogenized NiAl alloys exhibited any meas-
ureble ductility in room-tempersture tensile tests. Because of the ex-
treme brittleness of the NiAl phase at room temperature, the results of
room-temperature tensile tests msy be influenced by premature failure
due to microflews or to bending stresses caused by misalinement.

8C62
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Effect of composition on the room-tempersture strength of homoge-
nized NiAl. - Except for the anomalously high value of 42,200 psi for

the 30-percent-aluminum alloy, the homogenized NiAl alloys showed a

trend of decreasing room-temperature tensile strength with increasing
aluminum content up to the stoichiometric value. The strength decreased
from en average of 29,450 psi for the 25-percent-aluminum allioy to
17,850 psi for the 28-percent-sluminum alloy to 14,900 psi for the 31.5-
percent-aluminum alloy. This relatively large change in strength for a
small change in coamposition within a single phase field is similar to
'E,he beh?vior previously reported for the NizAl intermetallic phase

ref. 3).

Effect of temperature on strengbth of homogenized NiAl alloys. - Com-
parison of the tensile properties at rocm tempersture amd 1500V F of
homogenized NiAl alloys containing up to 31.5 percent saluminum shows that
the average 1500° F strengths are not greatly different from the room-
tempersture strengths (tebles II and IV). However, in contrast to the
extremely brittle behavior of these alloys at room temperature, alloys
conteining aluminum up to and including the stoichiometric value showed
considerable ductility in the 1500° F tensile test. It is believed that
the results of the 1500° F strength tests are probably more relisble then
those of room-tempersture tests,” for the observed duetility should mini-
mize the effects of misalinement and should ensble the material to flow
more easily around any microflaws. The 33-percent-sluminum alloy failed
with no measurable elongation, but examination of the test section indi-
cated the presence of numerous surface flaws which may have iInfluenced
the results of this test.

In order to study the effect of test temperature in more detail,
additionsel tensile tests at other temperatures were run for stoichio-
metric NiAl (31.5 percent sluminum). This alloy exhibited its highest
tensile strength, 19,800 psi, at 1200° F (teble V and fig. 7). This ie
the lowest temperature st which the alloy exhibited tensile ductility
(2.7 percent elongmtion). Above 1200° F, the tensile strength decreased
slowly to 9600 psi at 1800° F, while the ductility increased rapidly to
52 percent elongation at 1800° F.

Notch tensile tests of stoichiometric NiAl. - Although stoichio-
metric NiAl exhibited considerable elongation (22 percent) and reduction
of area (40 percent) in & 1500° F tensile test, examination of the spec-
imens revealed extensive cracking in the vicinity of the fracture and an
wmususlly large amount of cracking over the entire gage length (fig. 8).
Tn order to investigate the notch sensitivity of this alloy, notch ten-
sile specimens were prepared from ingots homogenized at 2200° F for 48
hours. As explained previously, these specimens contained both a sharp
notch (0.010" radius) and & very gentle notch (3/8" radius). The minimm
diameter of the test bar at the base of the notch was the same for both
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types of notches. The results of tensile teste of these specimens are
reported below: b :

Tem;peg;.ture s| Tensile strength,| Reduction of ares,|Location of fracture

psi percent
1500 15,600 3.2 3/8" Radius notch
1500 18,200 3.9 3/8" Radius notch
1500 17,800 7.1 3/8" Radius notch

Comparison of these results with the unnotched strength shown in table
IV shows that the material was slightly strengthened by the gentle notch.
The fact that the failure occurred in the gentle notch is indicative of
even greater strengthening in the case of the sharp notch and demon-
Btrage's the ability of this alloy to overcome stress concentrations at
1500% F. '

Effect of hegt treatment without grein-size variation. - The high
strength observed for one of the two 30-percent-zsluminum specimens homo-
genized for 6 hours at 2400° F could not be explained on the basis of
chemical analysls or microstructure. However, it appeared desiraeble to
‘determine whether the strength was semsitive to & heat treatment which
produced no appaerent microstructural changes.

This was done by heat-treating specimens at 2100° F for 48 hours
and comparing thelr properties with those of specimens heat-treated at
2400° F for 6 hours. Metallographic exsmination showed that both groups
had the pame grain size, and both contained only a single phase (figs.
g¢a) and (b}).

Repults of tensile tesmts of this alloy at both room temperature and
15000 F mre given in table VI. The results of room-tempersture tests
show considereble scatter. Nelthexr of the specimens homogenized at
2100° F approasched the 42,200 psi strength of one of the two specimens
homogenized at 2400° F. At 1500° F, specimens homogenized at 2400° F
showed definite superlority, with an average strength of 24,850 psi and
11.8 percent elongation as compared to 16,300 psl and 2.2 percent elon-
gation for specimens homogenized at 2100° F. The menner in which the
strength of this alloy 1s affected by heat treatment which produces no
chenge in the microstructure is not understood. It may result from dif-
ferences in the extent of homogenization or may be assoclated with the
superlattice formation that occurs in N1Al phase alloys (ref. 7).

Effect of graln-coarsening treatment. - Prelimingry tests indicated
that an increase In grain size resulting from growth of the as-cast grains

B8E6S
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during homogenization had little effect on the hardness of NiAl alloys
(ta.ble III). In order to determine the effect of grain coarsening on
strength, specimens of the Z5-percent-aluminum alloy were heat-treated
above the grain-coarsening temperature. Homogenization at 2100° F for
48 hours produced no change in the as-cast grain size (fig. 9(c));
homogenization at 2400° F produced grain coarsening (fig. 9(d)). The
coarse-grained material had much lower temsile strength at both room
temperature and 1500° F than the 2100° F homogenized material (table
VII). The 1500° F tensile strength decreased from an average of 29,050
psi with 25.9 percent elongation for the specimen homogenized at 2100° F
to an average of 18,700 psi with 0.5 percent elongation for the coarse-
greined specimens. Inasmuch as the cast grain size present in the spec-
imens homogenized at 2100° F was not very fine (fig. 9(c)), the strength
and ductility of the alloy might be further increased by refinement of
the as-cast grain size.

Effect of molybdenum additions to stoichiometric NiAl. - Since it
was believed that a fine grain size would result in superior strength
and ductlility, an attempt was made to refine the as-cast grain size of
stoichiometric NiAl by the additions of small percentages of an alloying
element. For a 17.5-percent-zluminum alloy smsll molybdenum additions
had been found to be particularly effective (ref. 4). In the investiga-
tion reported herein, increasing the molybdenum content of the stoichio-
metric NiAl alloy from 0.5 to 1.0 to 2.0 percent resulted in a continu-
ous decrease in the as-cast grain size (fig. 10). Simultaneously, a
second phase appeared at the grain boundaries (fig. 11), the amount of
which increased with increasing molybdenum content. An attempt to iden-
tify the second phase in the alloy containing 2.0 percent molybdenum by
X=ray diffraction snalyses was unsuccessful. Two weak lines not charac-
teristic of NiAl were observed but could not be identified.

Molybdemm additions to stoichiometric NiAl resulted in significant
incresses in the strength and ductility of the alloy (teble VIII and fig.
12). For example, the room~-temperasture tensile strength was increased
from 14,900 to 34,400 psi by the addition of 2 percent molybdenum. The
glloys containing molybdenum also exhibited a small amount of room~
temperature duetility in contrast to the completely brittle behavior of
unmodified NiAl.

The 1500° F tensile strength of all three molybdenum alloys wes also
superior to that of stoichiometric NiAl. The strength was sbout 25,000
pei for all the molybdenum glloys as compared with an average of 14,500
psi for the unmodified 31.5-percent-aluminmum alloy. At 1700° F, the ad-
dition of 1.0 percent molybdenum increased the strength from 9800 psi
with 27.2 percent elongation to 17,600 psi with 51.7 percent elongation.
The high degree of plasticity exhibited by this molybdemm-modified
alloy is shown in figure 8(b).
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The beneficilal effects of molybdenum a2dditions to stoichiometric
NiAl are probably a result of the combined effects of decreased grain
size and the appearance of a second phase at the grain boundsries. In-
creased ductility may be due only to the finer grain size. However, the
unidentified precipitate might be exercising a beneficial effect by tie-
Ing up embrittling impurities.

The large increases in strength and ductility resulting from small
additions of molybdenum demonstrate the possibility of greatly improving
the mechanical properties of the NiAl intermetallic by alloying. The
fact that the alloys containing molybdenum exhibited a small amount of
room-temperature ductility is particularly significent, for it indicates
the possibility of overcoming the Beriou.e room~temperature brittleness
of these alloys.

Stresg-rupture Erogg.z_ties of stoichiometric NiAl. - The 100-hour
rupture strength at 1500° F of stoichicmetric NiAl was determined. A
value of 4500 psi wes obtained by interpolating the results shown in
table IX. The low stress-rupture strength of the stolchiometric alloy
at 1500° F indicabes the need for alloying sdditions to meske the NiAl
intermetallic phase of interest for high-temperature applications. A
single rupture test at 1500° F of the 31.5 percent aluminum plus 0.5
percent molybdenum alloy indicated a substantial increase in rupture
strength over that of the unmodified alloy (table ¥X). Tt is of inter-
est to note that the addition of 4 percent zirconium to a NiAl alloy
prepared by powder metallurgy methods 1s reported to result in greatly
improved strength up to 1832° F (ref. 9).

SUMMARY OF RESULTS

NiAl alloys containing from 25 to 33 percent gluminum were satis-
factorily cast by en Improved casting technique previously reported.
The effects of composition and of homogemization heat trestments on the
roan~-temperature hardness and room- snd elevated-temperature tensile
gstrength of these alloys were d.etemined. The following results were
obtained:

1. Reletively small chenges in composition wlthin the NiAl phase
resulted in appreciable changes in the mechsnical properties of these
alloys. The hardness at room temperature decreased with increasing

-—

aluminum content up to the stoichiometric composition and then increased

rapidly with further aluminum additions.  Room~tempersture tenslle
strengbh of both ag-cast and homogenized alloys, and temsile strength at
1500° F of homogenized alloys also decreased with ineressing gluminum
comtent up to the stoichiometric composition. For example, the room-
temperature tensile strength of homogenized alloys varied from 29,450

i)
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pal for the 25-percent-aluminum alloy to 14,900 psi for the 31.5-
percent-aluminum alloy. At 1500° F the tensile strengths ranged from
29,050 psi for the 25-percent-aluminum alloy to 14,500 psi for the
stoichiametric alloy. Good temsile data for alloys containing sluminum
in excess of the stoichiametric value were not obtained. None of the
alloys showed any room-temperature ductility. At 1500° F, alloys con-
taining up to 31.5 percent aluminum exhibited considerable tensile
ductility.

2. Homogenization of the as~cast alloys did not produce large
changes in the room-temperature tensile strength. Small increases or
decreases were observed, depending on the composition of the alloy.

3. Btoichiometric NiAl had its highest tensile strength, 19,800 psi,
at 1200° F. This was the lowest temperature for which tensile ductility
was observed for this alloy. Above 1200° F, the tensile strength fell
off slowly to a value of 9600 psi at 1800° ¥. The 100-hour rupture
strength of stoichiometric NiAl was 4500 psi at 1500° F.

4. The 1500° F tensile strength of the 30-percent-aluminum slloy
was affected by heat treatment below the graln growth tempersture. Al-
though no microstructural differences were observed, specimens homoge-
nized at 2400° F had an average 1500° F tensile strength of 24,850 psi
compared to 16,300 psi for those homogenized at 2100° F.

5. For the 25-percent-aluminum allcy, heat trestment which produced
grain coarsening decreased the tensile strength at both room temperature
and 1500° F. The 1500° F strength decreased from 296050 psi with 25.9
percent elongstion for specimens homogenized at 2100° F to 18,700 psi
with 0.5 percent elongation for specimens given a grain-coarsening heat
treatment at 2400° F.

6. Additions of 0.5, 1.0, and 2.0 percent molybdenum to stoichlo-
metric NiAl decreased the as-cast grain slze and resulted in gppreciable
inereases in both room- and elevated-temperature tensile strength and
ductility.

lewis Flight Propulsion Laboratory
Netional Advisory Coammittee for Aeronautics
Cleveland, Ohio, October 29, 1956
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TABLE I. - CHEMICAL ANALYSIS OF SPECIMENS

Desired composition Actual composition,
welght percent
Percent by Percent by Ni Al Fe
atoms weight

57.96 Ni + |75 N1 + 25 Al 74.58 | 25.15 | 0.02
42.04 Al
54,16 Ni + |72 Ni + 28 Al 71.70 | 28.40 | 0.02
45,84 A1
51.74 N1 + |70 Ni + 30 Al 70.02 | 30.45 | 0.08
48.26 A1
50 Ni + 68.5 N1 + 31.5 Al 68.45 | 31.20 | 0.08
50 Al
48,27 Ni + |67 Ni + 33 Al 67.06 | 33.65 | 0.02
51.73 Al
46.05 N1 + |65 Ni + 35 Al 64.88 | 36.05 (0.01
53.95 Al




14 NACA TN 3828
TABLE II. - ROOM-TEMPERATURE PROPERTTES OF INTERMETATIIC PRASE KiAl
Composition Condition Tensile | Extensometer | Measured Hardness, | Density, | ILattice
L1 a1 .|strenath, | elongation, |elohgation, | Rockwell | g/ml parameter,
pei percent percent A- kY units
75 25 As-cast 22,700 ] (o) 72.0 6.40 | ~----
75 25 Ag-cast® 24,100 4] 0 72.0 6.33 |  eemw-
75 25 As-cesté 20,200 o] o) 72.0 ———— | eeeea
15 25 7 Homogenized at | 31,800 6] (¢} 72.5 6.37 | ==
2100° F for
48 hr .
75 25 Homogenized at | 27,100 s} [»] 72.5 e
2100° F for .
48 hr
72 28 As-cast 22,600 o} o] 69.7 68.16 | ====-
72 28 .. As-cast® 20,000 o] 4] 71.0 6.12 | eme---
72 28 Ap-cast® 22,400 o) [+] 71.0 ———— | em———
72 28 Homogenized at 18,200 0 [o] 70.8 6.15 | e-e-a
2200° F for
48 hr
72 28 Homogenized at 17,500 ") o) 70.6 m——e—m | e
2200°¢ F for
48 br
70 30 As-cast 14,400 o] ! o] 66.1 5.99 2.880
70 30 As-cast® 18,300 [o] o ——— 5.98 | emeea -
70 | 30 As-cast® 12,500 0 0 - ——— | aeaaa
70 30 Homogenized at 42,200 0 (o] 66.3 6.03 2.880
2400° F for
6 hr
70 30 Homogenized et | 16,700 0 0 66.3 EET TR e
2400° F for :
6 hr
68.5| 31.5 As~-cast 15,200 (o} -0 61.0 ———— 2.881
68.5| 31.5 As-cast 135,300 o] o] 81.0 5.9 |  =----
68.5| 31.5 As-castt Unsound - c- ————— 5.80 | emme-
ingot .
68.5| 31.5 | Homogenized at | 15,700 o] [¢) 60.6 5.93 2.881
2200° F for
48 hr __
68.5| 31.5 Homogenized at 14,100 (o] [s] 60.6 m——— | e
2200° F for
48 hr R
67 |33 As-cast b3,000 0 0 71.0 L% -2 —
67 | 33 As-cast b1.400 ) o3 71.0 I —
67 33 Homogenized at b1,860 o] 0 71.8 5.70 | eee=-
2100° F for .
48 hr i
65. 35 As-cast Unsound - - 77.0 ———— —————
Ingot

®Data taken from reference 4.

bBroke in grips.
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TABIE III. - EFFECT OF HOMOGENIZATION TEMPERATURE ON GRAIN
SIZE AND HARDNESS OF CAST NiAl COMPOSITIONS
Composition, Homogenization | Time, Effect on Hardness,
welght percent temperature, hr grain size Rockwell A~

Al op .

25 As-cast 72.0
25 2100 48 None 72.5
25 2200 48 Coarse grains 72.2
25 2400 6 Coarse grains 72.0
28 As-cast 69.7
28 © 2200 - 48 None 70.6
28 2300 24 Coarse grains 70.7
30 As-cast 66.1
30 2100 48 None 66.5
30 2400 6 None 66.3
30 2500 6 Coarse grains 66.0
31 Ag-cast 61.0
31.5 2200 48 None 60.6
31.5 2300 24 Some grain growth 60.4
31.5 2400 6 Coarse grains 61l.2
33 As-cast 71.0
33 2100 48 None 71.8
33 2200 48 Some grain growth 70.8
33 2300 24 Coarse greins 72.1
35 As-cast 77.0
35 2000 48 None 77.4
35 2100 48 Some grain growth 77.2
35 2200 48 Coarse grains 76.9
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IV. - 1500° F TENSILE PROPERTIES OF NiAl

INTERMETALLIC PHASE

Composition| Condition: Tensfleff Measured Reduction
Ni AL homogeriized | strength, | elongation, in ares,
at - psi percent percent
| :

75 | 25 2100° F for | 29,200 20 18.3
48 hr

75 25 2100° F for | 28,900 az31.7 26.8
48 hr

72 | 28 2200° F for | 24,300 84.0 3.4
48 hr '

72 28 2200° F for | 23,900 84.0 3.8
48 hr

70 | 30 2400° F for | 25,200 11.9 7.8
6 hr .

70 30 . | 24000 F for | 24,500 811.9 10.6
6 hr ;

68.5| 31.5 | 2200° F for | 15,400 a20.4 39.4
48 hr '

68.5| 31.5 | 2200° F for | 13,600 - a24.5 (b)
48 hr :

67 33 2100° F for | ©7,000 0 o}
48 hr =

85ome graln separation.
PCould not be measured.
Cspecimen had surface flows in gage section.

8g6s
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TABLE V. - EFFECT OF TEST TEMPERATURE ON TENSILE PROPERTIES

OF STOICHIOMETRIC NiAl (31.5 PERCENT ALUMINUM)

Condition: Test Tensile Measured Reduction
homogenized | temperature | strength, |elongation, | in ares,
at - psi percent percent

2200° F for Room 15,700 0 0
48 hr temperature

2200° F for Room 14,100 0 0]
48 hr temperature

2200° F for 10000 F 14,700 0 o}
48 hr

2200° F for 1200° F 19,800 2.7 2.4
48 hr

2200° F for 1300° F 19,100 alz.3 9.7
48 hr

2200° F for 14000 F 16,900 811.1 15.8
48 hr

2200° F for 15000 F 15,400 820.4 39.4
48 hr

2200° F for 1500° F 13,600 a24.5 (v)
48 hr

2200° ¥ for 1700° F 9,800 ag7.2 (v)
48 hr

2200° F for 1800° F 9,600 asa (p)
48 hr

85ome grain separation.
Poould not be measured.

17
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TABLE VI. - EFFECT OF HOMOGENIZING TEMPERATURE ON ROOM TEMPERATURE AND 15000 F

TENSILE PROFERTIES OF SO-PERCENT-ALUMINUM NiAl ATLIOY

Condition Test 4 Tensile | Extensometer | Measured Reduction
temperature |strength, elongation, elongation, | in area,
psi .. jpercent percent percent
As-cast Room | 14,400 0 ’ 0 o]
temperature - .

Homogenized at Room 17,300 ¢ B ) 0
2100° F for | temperature
48 hr -~

Homogenized at Room 11,600 j O 0 o)
2100° F for |temperature
48 hr

Homogenized at Room 16,700 ! 0 0
2400° F for | temperature : '
6 hr : P .

Homogenized at Room 42,200 I 0 0 0
2400° F for |temperature :
6 hr o

Homogenized st 1500° F 17,200 fLoee 2.7 2.4
2100° F for o
48 hr L

Homogenized at 1500° F 15,400 I oza 41.8 2.0
2100° F for - : | : ’
48 hr

Homogenized at 1500° F 25,200 P aa : 11.8 7.8
2400° F for
6 hr . : :

Homogenized at 1500° F 24,500 o= 811.9 10.6
2400° F for P
8 hr :

850ome grain separation. .

8268
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TABIE VII. - EFFECT OF GRAIN-COARSENING HEAT TREATMENT ON ROOM-TEMFERATURE '
AND 1500° .F TENSILE PROPERTIES OF 25-PERCENT-ALUMINUM NiAl ALLOY
Condition: | Grain Test Tensile | Extensometer | Measured Reduction
homogenized| size |temperature |strength, | elongetion, | elongation, | in ares,
at - psl percent percent percent
2100° F for|As-cast Roon 31,800 0 0 0
48 hr tempersature
2100° F for [As-cast “Room 27,100 0 0 0
48 hr temperature
2400° F for |Coarse Roon 17,300 0 0 0
8 ‘hr- temperature
24000 F for [Coarse Room 9,000 0 0 0
& -hr temperature -
2100° P for |As-cast| 1500° F 29,200 - ,20- 18.3
48 hr
21000 F for [Ag-cast| 15000 F 28,900 -- 831.7 28.8
48 hr '
2400° F for [Coarse | 1500° F | 21,100 - 1.0 2.0
6 hr
24000 F for |Coarse | -1500° F 16,300 -- -0 0
‘6 hr .
85ome gralin separation.

828% M VOVH
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TABLE VIII. - EFFECT OF MOLYBDENUM ADDITIONS OGN ROOM-TEMPERATURE AND ELEVATED-
TEMPERATURE TENSILE FROFERTIES OF STOICHIOMETRIT KiAl (31.5 PERCENT ATUMINUM)

Condition: | Molybde- Test Tensile | Extensometer | Measured Reduction

homogenized num temperature strength, elongation, | elongation, | in area,

at - added, psi percent percent percent
percent

2200° F far None Room 15,700 o; o (o]
48 hr temperature

2200° F for None __ Room 14,100 0 0] 0
48 hr temperature

2300° F for 0.5 Room 18,400 0.05 1.9 -
24 hr temperature

2300° F for 1.0 Room 21,200 0 0.3 <0.1
24 hr temperature

2300° F £or 2.0 Room 34,400 0 0.5 <0.1
24 hr temperature

2200° F for None 1500° F 15,400 -— 820.4 39.4
48 hr _

2200° F for None 15000 F 13,600 -— 824.5 (v)
48 hr -

2300° F for 0.5 15000 F 25,500 -——— 827.8 57.5
24 hr

2300° F for 1.0 15000 F 23,700 ——— &48.2 77.6
24 hr —

2300° F for 2.0 1500° F 25,100 ~ ———- 44.7 82
24 hr

2200° F .for None 1700° F 9,800 _— ag7.2 (v)
48 hr

2300° T for 1.0 1700° F 17,600 ——— 51.7 93.2
24 hr

2300° F for 2.0 7§ 1700° F 17,400 —— 820.2 (b)
24 hr

8Some grein separation.

bCould not be measured.

8€62
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TABLE IX.

-~ RUPTURE LIVES OF STOICHIOMETRIC

NiAl (31.5 PERCENT Aluminum)} AT 1500° F

Composition, Stress, | Life, EFlongation, Reduction
welght psi hr percent in area,
Percent percent
Ni Al Mo
68.5 | 31.5| O 7,500 4.6 844.5 Could not
be measured
68.5 | 31.5 0 6,000 13.2 46.2 Could not
be measured
68.5 | 31..5 0 4,000 | 186.1 | #Could not Could not
be measured be measured
68.5 1 31.5( 0.5} 12,500 23.1 15.2 31.9

&S ome grain separation.

21



zz

Temperature, °C

b NACA TN. 3828

Nickel, percent by atoms

170082 20 L 80 e -
= — ' -1 3000
1600 —< \ N\ S
-~ / \ ™
g ! S
B +1 / \ N - 2800
1500 N
’ / \\ B8 + L\\
T
/ ' \\ \- 2600
1400 / j
i
—
. / |
1300 : 2400
L /
. B ;
/ (N1a1) | /
1200 . - 2200
/ i / &
[ -
. | ©
1100 ! é!
: / —2000 £
. | ]
‘ _, - e
| ] &
1000 -
; l — 1800
900 \ : / _
Experimental compositioh, I —1600
percent aluminum
Bp+8 ! ! ! ! ! /
800 35 3331.530 28 25!
/a £y
—11400
700 //
1200
600 /
: / 1000
500 .
60 65 70 75 80 a5 . . =

Flgure 1. -~ Area of nickel-alum
under investigation (ref. 10).

Nlckel, percent by welgh

inum phase diagram

L]

8c6e



3938

NACA TN 3828

INCHES

0] |
111

(a) Stoichiometric N1Al 1/2 by 2 inch ingot.

C-43233

(b) Ground temsile bar.

Figure 2. -~ Typical NiAl specimens.

23
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Pigure 3. - Notched tensile specimen.
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Hardness, Rockwell A-
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Composition, percent aluminum

Figure 4. - Effect of composition on hardness of NiAl phase.
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Tensille strength, psi

NACA TN 3828

45%10% -
- A As-cast
. O Homogenized
T =
40 —
[
35 —
o .
30 - -
—
\ i —
25 .
4 \\ -
AV i
Average of values for
as-cast alloys ’
Y . .
20 NC -
Average of values for \\\
[ homogenized alloys T
i
s f ~_
T O
S A
.
10 : =
R
; iy
5 Lz
P A
R ¢
i Stoichiometric Nidl 4
o ] I I
24 26 28 T 0 32 34

Composltion, perdent aluminum

Flgure 5. - Effect of composition on room-temperature strength
of as-cast and homogenized alldys o6F NiAl phase., - . oz
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(a) 25-Percenmt-alumimm HIAl, homogemizsd st 2100° T for (b) 28-Percsmt-slumimm KiAl, howogenized at 2200°P F for
48 hours. 48 hours.
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(o) 30-Percent-alumimm NiAl, homogenized at 2400° F for (4) 31.5~-Percent-slmmimm FiAl, homogenized at 2200° F for
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Flgure 8. = Microstructhure of howogenired NiAl phase compositions. Vilella's reagemt; X100.
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() 1500° F tensile test. 25- (b) 1700° F tensile test. 3L.5-
Percent-alumimm alloy. Percent-alumlnum and l-percent-
molybdenum alloy.

Figure 8, - Intercrystaline cracking and fracture surface in NiAl phase.
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FiAl, horogerized at ZSOOFF for M houws,

{4) F1.5-Perosnt-aluwnimm plus 2.0-poreent-molybienms
WAl, homogenizad st 2500° ¥ far 8b houre,
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Figure 12. - Effect of molybdenum additions on

strength of homogenlzed stoichiometric NiAl.

NACA - Langley Fleid, Va.
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